Abstract: A Raman Lidar (RL) system is developed to measure the water vapor mixing ratio (WVMR) and aerosol optical property in Wuhan with high temporal-spatial resolution during rainless nights. The principle of the self-developed lidar system and data processing method are discussed. WVMR profiles of a representative case retrieved by RL, Radiosonde (RS), and microwave radiometer (MR) are in good agreement. The relationship of WVMR and aerosol optical depth (AOD) indicates that water vapor dramatically reduces with the decline of the AOD. Moreover, the mean relative difference of mean WVMRs at low-troposphere obtained by RL and RS (MR) is about 5.17% (9.47%) during the analyzed year. The agreement certifies that the self-developed RL system can stably provide accurate and high temporal-spatial resolution data for the fundamental physical studies on water vapor. Furthermore, the maximum AOD from 0.5 km to 3 km is 0.41 at night in spring, which indicates that the air quality in Wuhan is heavily influenced by aerosols that are transported by air mass from the north during this time. Moreover, abundant rainfall led to relatively low AOD in summer (0.22), which demonstrates that water vapor is crucial for air purification.
Introduction
Atmospheric water vapor and aerosol play crucial roles in the material and hydrological cycles of the Earth's atmosphere, especially in the low-troposphere. Aerosol is changing rapidly and impacts people's health and living environment directly [1, 2] . In addition, it also affects the atmospheric physical processes, weather, and climate change [3, 4] . Water vapor in the atmosphere strongly absorbs terrestrial radiation [5] . Water vapor either emits or absorbs heat continuously during the water phase transition [6] . Water vapor can be condensed into atmospheric particulate matter settlement, which is an important condition for the formation of clouds [7] [8] [9] . Adequate amounts of water vapor are necessary for abundant rainfall, which is beneficial to air quality and plays a major role in regulating the climate [10] . Thus, accurate measurements of water vapor and aerosol optical properties are crucial to the research on climatic variation, cloud formation, air quality forecasting, and so on [11] .
Some instruments have been used to measure water vapor and aerosols in the atmosphere. A variety of passive detection methods, such as microwave radiometer (MRs) [12] and sun photometers [13] , provide results with low vertical resolution and they are difficult to obtain the water vapor information changes in detail. Passive instruments, such as sun photometers, can only provide integral information of the whole aerosol layer rather than the vertical profile of aerosol. Radiosonde (RS) can accurately measure moisture, but sounding balloons are costly and typically measure water vapor only once or twice a day. Thus, these equipment do not completely satisfy the water vapor and aerosol research requirements. Therefore, obtaining a high vertical and temporal resolution infomation to study the atmospheric water vapor and aerosol is still an important and difficult task. Raman Lidar (RL) and differential absorption lidar (DIAL) are two kinds of significant technologies to measure tropospheric water vapor and aerosol profiles with high range resolution and accuracy [14] . DIAL utilizes two laser wavelengths, which are, respectively, in the absorption peak and valley, to retrieve the vertical distribution of atmospheric molecular species. For DIAL techniques, extreme sensitivity is the primary advantage, but the structure and technology of DIAL are complicated because stringent accuracy and stability are required for the wavelengths of the emitted lasers [15] . However, RL employs inelastic scattering of atmospheric molecules to retrieve the high vertical and temporal resolution results of the aerosol extinction coefficient (AEC), atmospheric humidity, and temperature in the troposphere [16] . The differences between RL and DIAL have been discussed in detail by Gran [14] . RL have less requirement of laser wavelengths than that of DIAL [15] , which has been more extensively used in meteorology study. Thus, we are concentrating on developing and improving RL hardware, software and algorithms for measureing aerosol extinction, backscatter coefficients, and lidar ratio (i.e., extinction to backscatter ratio) in the recent years [17] [18] [19] [20] .
In this study, a new RL system is developed based on our previous work. The aim of this paper is to report the accuracy of the newly developed RL for water vapor mixing ratio (WVMR) and the analysis of the long-term variation of water vapor and aerosols during rainless nights. The hardware design and algorithms for the WVMR and aerosol are introduced. The case study shows that the WVMR obtained by RL is consistent with that of RS. A positive correlation is shown between the WVMR and AOD of RL in this case. Moreover, the small mean relative difference of the WVMR between RL and RS (MR) demonstrate that our RL system can accurately measure atmospheric water vapor with high vertical and temporal resolutions. The quarterly mean AOD shows that the AOD in spring is higher than that in other seasons.
Site and Instrument

Site
As shown in Figure 1 , the RL and MR is located at the Wuhan University (30°32ʹN, 114°21ʹE) , which is in the downtown of Wuhan, China. RS is launched at 30°61ʹN, 114°13ʹE twice a day (specifically, 8:00 a.m. and 8:00 p.m. local time (CST)). The distance between the two sites is about 20 km. Wuhan is the capital city of Hubei Province. Environmental problems have attracted a lot of attention because Wuhan has the largest population and is the most industrialized city in central China [2, 21] . However, available methods that measure water vapor and aerosol in Wuhan are limited at present. Wuhan has a subtropical monsoon climate, with abundant cloud cover and rainfall in summer and relatively high air humidity in winter. Moreover, the temperatures are extremely high in summer and very low in winter. Adequate amounts of water vapor are necessary for abundant rainfall, which is beneficial to air quality and plays a major role in regulating the climate in Wuhan. 
Instrument and Method
The RL system has three subsystems, namely, laser-transmitting, backscattered-receiving, and signal-processing systems. Figure 2 and Table 1 illustrate the schematic and present the main technical parameters of the RL system, respectively. The transmitter for the RL is an Nd:YAG laser operating at 532 nm with a pulse width of ~10 ns, a repetition rate of 10 Hz, and energy of 200 mJ. Reflective lenses in front of the laser vertically emit the outgoing beam into the atmosphere. Signals backscattered by the atmospheric molecules, aerosols, cloud particles, etc. are collected by a Schmidt-Cassegrainian telescope with a primary mirror diameter of 370 mm. As illustrated in Figure 2 , the collected signals are separated into three spectral components using beam splitters, convex lens, and interference filters. Convex lens are attached to the front of each Raman-receiving channel photomultiplier tube (PMT) to increase the signal strength. To reduce the effect of Mie signal and background noise, two identical narrow bandpass interference filters of 607 nm and 660 nm are used in the N2-Raman and H2O-Raman channel, respectively. In the Mie channel, the full width at half-maximum of the filter is 5.0 ± 1 nm and the center wavelength is 532 nm. In the N2 and H2O channels, the full width at half-maximum are both 3 ± 0.5 nm and the center wavelength are 607 nm and 660 nm, respectively. The SNR of the Mie lidar signal is approximately 10
) times higher than that of N2-Raman (H2O-Raman) lidar signal under similar conditions. Thus, the filters with narrower bandwidths are used in Raman channels to restraint the background noise and Mie lidar signal. The out-of-band rejection of the narrow bandpass interference filter is larger than 10
in the three channels. The out-of-band rejection of the beam splitters before the interference filter is about 10
. Thus, in the two Raman channels, the total out-of-band rejection is about 10 Three different signals are detected by the PMTs (R7400). The PMT used in the Mie channel (Raman channels) has a detection wavelength range of 300 nm to 800 nm (300 nm to 900 nm) and a The central wavelength of N2 (H2O) in the shifted spectrum is 607 nm (660 nm) when excited by a laser at 532 nm. The following equations illustrate the backscattered signals of the H2O channel and the N2 channel, respectively [22] :
where Px(r) is the signal at range r; Cx is the system proportionality constant, the subscript x refers to N and H, which are the N2 channel and H2O channel, respectively; nx(r) represents the molecular number density of x; and σx is the scattering cross section, where λL is the output laser wavelength (532 nm), and αm and αa are the air molecular and AECs at wavelength λ, respectively. The WVMR is defined as the ratio of the water vapor mass to dry air mass expressed in g/kg at a given volume. The retrieval method of WVMR is proposed by Whiteman et al. [22] :
where Cw is the RL system calibration constant and obtained by simultaneous RS data from 1 km to 3 km and αm(λx) can be determined by the standard atmospheric model. The Klett-Fernald method is most widely used in retrieving the AEC by Mie signals [23, 24] , but which needs to assume that the lidar ratio is known because there are two unknowns in one equation. The AEC at 532 nm can also be retrieved directly through the N2 signal by Raman method [25] , which can be written as:
To obtain an accurate AEC, the least square method is used with 41 points (i.e., 307.5 m) to reduce the noise in the retrieval of Equation (4). The AOD is defined as the integral of the AEC along the optical path from r1 to r2, which can be expressed as,
A ground-based multichannel MR developed by Radiometer Physics GmbH in Germany, with K-band (seven channels between 22.24 GHz and 31.4 GHz) and V-band receivers (seven channels between 51 GHz and 58 GHz), is used for measuring the water vapor and temperature profiling, respectively. Relative humidity is measured by the MR, which must be converted into a mixing ratio for comparison with the RL mixing ratio. The WVMR is derived as follows [26] 
where p(r) is the atmospheric pressure and can be determined by the empirical hypsometric equation, e(r) represents the water vapor pressure, RH(r) refers to relative humidity and can be directly measured by MR, and T(r) is the temperature in °C. Figure 3a shows 30-min, range-corrected signals of Mie, N2-Raman, and H2O-Raman measured at 8:00 p.m. to 8:30 p.m. CST on 10 July 2013. There are convex value in both the Mie and H2O-Raman signal between 1.5 and 2.5 km as shown in Figure 3a , which should be caused by a cloud layer. The H2O signal is difficult to be determined up to 3 km because its scattering cross section is small. Figure 3b demonstrates the AEC retrieved by Fernald method (the lidar ratio and the boundary value were assumed as 50 sr and 8 km, respectively) and Raman method, respectively. The regions below 0.5 km are affected by the geometric factor, which was ignored in this study. The AECs retrieved by the two methods were in good agreement below 2.5 km, except for the range around 1.5 km, which was due to a constant lidar ratio was used in the Fernald method. However, above 2.8 km, the AEC obtained by Raman method was unreliable because of lower SNR. The WVMRs measured from RL, RS, and MR are shown in Figure 3c , which are in good consistency with each other in the whole range. RL and RS are very sensitive to changes in water vapor. At about 1.5 km, where water vapor sharply changes from a maximum value of about 9 g/kg to a minimum value of about 1 g/kg, both of RL and RS reflected the change in the water vapor with good sensitivity. However, MR can only show the trend of water vapor change roughly. There are some disagreeing regions in the water vapor profiles retrieved by RL and RS, such as that below 1 km and 1.5 km, which may be caused by the distance between the two instruments. Figure 4a ,b, the WVMR approximately agrees with each other. However, the MR was too smooth, which was because of the limited sensitivity of MR. For RL, cloud information can be seen at about 2 km. This demonstrates that RL have the ability to measure water vapor with higher accuracy and spatial resolution than MR. Figure 4c shows the AEC retrieved by the N2-Raman signals, which is significantly higher in an area where the water vapor density was high. AECs in the lowest layer reduced gradually from 8:00 p.m. CST and reached the minimum value in the morning below a height of 1 km. gradually from 4.3 g/kg at 8:00 p.m. CST to 3.3 g/kg at 5:00 CST of the next day. The AOD decreased from 0.38 to 0.23, and then continued to rise. Generally, AOD is about 1.0 in Wuhan during the daytime [21] , then gradually reduces to the lower value in the evening. Before 3:30 a.m. CST, AOD gradually reduced with the reduction of the water vapor. The reason was water vapor is a part of the aerosol and its proportion was large. The same phenomenon was discussed in detail by Wang, et al. [7] . It also shows that water vapor is crucial for atmospheric particulate cohesion. However, after 3:30 a.m. CST, water vapor negatively correlated with AOD. At about 1 km and after 3:00 a.m. CST in Figure 4a ,c, aerosol was enhanced but water vapor change slightly. This may be caused by dry particles transported from adjacent area of Wuhan.
Results and Discussion
Representative Case
Long-Term Observation
Long-term water vapor and aerosols were measured by RL at 8:00 p.m.-5:00 a.m. CST at Wuhan from July 2013 to May 2014. The temporal resolution of RL and MR was 30 min. However, only the RS profile at 8:00 p.m. CST each day was applied in this study. Statistical analysis data were only from rainless nights. In this study, spring, summer, fall, and winter were defined as the date from March to May, June to August, September to November, and December to February of the next year, respectively. The number of available profiles measured by RL are 269, 331, 123 and 120 in spring, summer, fall and winter, respectively. Figure 6 shows the quarterly mean WVMR measured by the RL, RS, and MR. The minimum disagreement in winter and the maximum disagreement in the summer. The moisture evaporation in the lake near the RL site was more intense with the high temperatures of summer. Thus, water vapor measured by the RL below 1 km was significantly higher than that of RS in summer. However, the high water vapor near the ground is not reflected by MR, because which is insensitive for water vapor changing in this range. There were small disagreements between the WVMR profiles measured by RL and RS in winter because of the lowest evaporation corresponding to the lowest temperatures. The quarterly mean WVMRs and AODs were obtained by the aforementioned data from 0.5 km to 3 km and the value can be found in Figure 7 . The slight difference between the quarterly mean WVMRs from the three instruments indicates that RL have an ability to measure water vapor accurately. The mean relative difference between the RL and RS (MR) was about 5.17% (9.47%) during a year. The quarterly mean WVMRs of RL in the spring, summer, autumn and winter are 2.3 g/kg, 12.9 g/kg, 3.6 g/kg and 1.1 g/kg, respectively. The quarterly mean AOD in spring was higher than that in other seasons, and the maximum was 0.41. The reason is that the air quality in Wuhan is heavily influenced by the aerosols that are transported by air mass from the north in spring. Abundant rainfall lent to the relatively low AOD in summer (0.22). AOD in autumn and winter was a little higher than that in summer because the water vapor was low. 
Conclusions
In this study, a RL system was developed to measure the WVMR and aerosol optical property in the lower troposphere of Wuhan, China. The representative case indicates that water vapor dramatically decreased with the observable AOD decrease. The WVMR profiles measured by RL for about one year were compared with the results obtained by simultaneous RS and MR. Water vapor distributions were observed to vary significantly based on temporal and spatial scales. The mean relative difference between RL and RS (MR) was about 5.17% (9.47%) during the year. The quarterly mean WVMRs of RL in the spring, summer, autumn and winter are 2.3 g/kg, 12.9 g/kg, 3.6 g/kg and 1.1 g/kg, respectively. The RL system was demonstrated to be a reliable equipment to study water vapor in the lower troposphere according to the nighttime measurements. In addition, the quarterly mean AODs in spring was higher than that in other seasons, and the maximum value was 0.41. The reason is that the air quality in Wuhan is heavily influenced by the aerosols that are transported by air mass from the This study demonstrated that RL can measure water vapor and aerosol accurately, which is a powerful tool for studying local and global atmosphere. The analyses of the relationship of water vapor and aerosol in this article promote our understanding of aerosol, which plays a crucial role in people's health and living environment. However, the existing data measured by RL was insufficient to obtain a comprehensive explanation for the variation of water vapor and aerosols. Therefore, we need to carry out more works to analyze the water vapor and aerosols in Wuhan in the future. Aerosol optical properties in Wuhan should be compared with other similar cities in the world for a comprehensive understanding.
